The immunoproteasome, a distinct class of proteasome found predominantly in monocytes and lymphocytes, is known to shape the antigenic repertoire presented on class I major histocompatibility complexes (MHC-I). However, a specific role for the immunoproteasome in regulating other facets of immune responses has not been established. We describe here the characterization of PR-957, a selective inhibitor of low-molecular mass polypeptide-7 (LMP7, encoded by Psmb8), the chymotrypsin-like subunit of the immunoproteasome. PR-957 blocked presentation of LMP7-specific, MHC-I-restricted antigens in vitro and in vivo. Selective inhibition of LMP7 by PR-957 blocked production of interleukin-23 (IL-23) by activated monocytes and interferon-c and IL-2 by T cells. In mouse models of rheumatoid arthritis, PR-957 treatment reversed signs of disease and resulted in reductions in cellular infiltration, cytokine production and autoantibody levels. These studies reveal a unique role for LMP7 in controlling pathogenic immune responses and provide a therapeutic rationale for targeting LMP7 in autoimmune disorders.
Multiple aspects of inflammatory responses, including cytokine production and antigen processing for presentation on MHC-I are regulated by the ubiquitin-proteasome system 1, 2 . In most cells, the 26S (or constitutive) proteasome contains the catalytic subunits b5, b1 and b2, accounting for chymotrypsin-like, caspase-like and trypsinlike activities, respectively 3 . However, in cells of hematopoietic origin, particularly lymphocytes and monocytes, the proteasome catalytic subunits are encoded by homologous genes that code for the LMP7, LMP2 and multicatalytic endopeptidase complex subunit-1 (MECL-1) proteins 4 . These immunoproteasome subunits can also be induced in nonhematopoietic cells after exposure to inflammatory cytokines 5 . Studies in knockout mice have demonstrated a role for immunoproteasome subunits in generating MHC-I ligands, establishing the naive CD8 + T cell repertoire and shaping cytotoxic T cell responses [6] [7] [8] . However, the contribution of the immunoproteasome to other aspects of immune cell function, such as the regulation of cytokine production, has not been described.
Small molecule inhibitors are useful tools for probing the role of the proteasome in immune responses 9 . Bortezomib, a dipeptide boronate approved for the treatment of multiple myeloma 10 , inhibits cytokine production in vitro and inflammation in vivo 11, 12 . However, most well characterized proteasome inhibitors mediate equivalent inhibition of both proteasome chymotrypsin-like activities (b5 and LMP7) [13] [14] [15] and have considerable toxicities that probably limit their clinical utility in chronic inflammatory diseases such as rheumatoid arthritis 16 . We describe here the immunomodulatory activity of an LMP7-selective peptide-ketoepoxide proteasome inhibitor related to carfilzomib 15 , a b5 and LMP7-targeted molecule currently in clinical development for the treatment of multiple myeloma.
RESULTS

PR-957 selectively inhibits LMP7
We generated PR-957 (Fig. 1a) during a medicinal chemistry effort focused on the discovery of inhibitors with selectivity for immunoproteasome subunits. Like carfilzomib, PR-957 contains a ketoepoxide pharmacophore that covalently modifies proteasomal N-terminal threonine active sites 15 . We first determined the proteasome active site selectivity of PR-957 with a subunit-specific ELISA to quantify occupied proteasome active sites in intact cells 17 . In MOLT-4 cells (a human leukemia cell line), which express both forms of the proteasome, PR-957 was 20-to 40-fold more selective for LMP7 over the next most sensitive sites, b5 or LMP2 (Fig. 1b) . In human peripheral blood mononuclear cells (PBMCs), in which constitutive proteasome subunit abundance was at the lower limit of detection (data not shown), PR-957 at concentrations o100 nM inhibited LMP7 activity by 480% with minimal inhibition of LMP2 or MECL-1 (Fig. 1c) .
Higher concentrations resulted in substantial inhibition of LMP2 and MECL-1 (Fig. 1c) . Selective inhibition of LMP7 did not perturb overall proteasome function, as evidenced by a lack of polyubiquitinylated protein accumulation or stabilization of p53 in MOLT-4 cells or accumulation of a destabilized GFP reporter in 293 cells ( Supplementary Fig. 1 ). Selectivity for LMP7 was lower in A20 mouse lymphoma cells than in human cells ( Supplementary  Fig. 2a ), possibly reflecting cross-species sequence differences in LMP7 (ref. 18) .
We also evaluated PR-957 activity on purified proteasomes derived from the livers of lymphocytic choriomeningitis virus (LCMV)-WEinfected wild-type (WT) or LMP7-deficient (Psmb8 À/À ) mice, which show reduced proteasomal incorporation of LMP2 and MECL-1 owing to a lack of LMP7 (refs. 19,20) . LCMV infection results in replacement of the constitutive proteasome active site subunits in hepatocytes with their immunoproteasome counterparts, with LMP7 mediating chymotrypsin-like activity 21, 22 . At 25-300 nM, PR-957 inhibited chymotrypsin-like activity of liver proteasomes from WT but not Psmb8 À/À mice (Fig. 1d) . Trypsin-like activity, in contrast, was unaffected by PR-957 over the same concentration range and was independent of genotype at higher concentrations (Fig. 1d) . In assays of purified human proteasome preparations, PR-957 acted as a timedependent inhibitor (indicative of a covalent reaction expected for the ketoepoxide pharmacophore 15 ) that was 10-to 15-fold more selective for the immunoproteasome (Supplementary Table 1 ). The lower selectivity seen with purified proteasomes may have arisen from cleavage of the substrate, Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (LLVY-AMC), by LMP2 (ref. 23) .
As splenocytes derived from LMP7-deficient mice show a reduction in MHC-I surface expression on lymphocytes 19 , we compared the effect of PR-957 on MHC-I H-2D b and MHC-I H-2K b expression in WT and Psmb8 À/À mouse splenocytes. Expression of MHC-I in WT mice was reduced up to 50% at LMP7-selective concentrations of PR-957 (r300 nM) (Fig. 1e) . In contrast, basal MHC-I expression in Psmb8 À/À splenocytes, which is B50% lower relative to WT levels, was not further affected by PR-957 treatment (Fig. 1e) . PR-825, a selective inhibitor of b5, decreased MHC-1 expression on Psmb8 À/À splenocytes ( Supplementary Fig. 2d ). Because viability was not substantially affected by either PR-957 or PR-825 (data not shown), the reduced MHC-I expression was due to reduced peptide supply, similar to observations with Psmb8 À/À mice 19 .
We used the active-site ELISA to monitor proteasome subunit inhibition in blood and tissues (kidney, heart and spleen) in mice after intravenous (i.v.) administration of PR-957 at doses ranging from 1 to 20 mg per kg body weight. Selective inhibition of LMP7 occurred at doses ranging from 1 to 10 mg per kg body weight in both blood and kidney (Fig. 1f) . The dose response for LMP7 inhibition in the kidney was comparable to that in blood (half-maximal inhibitory concentration o1 mg per kg body weight), indicating efficient tissue penetration. We noted similar inhibition profiles in heart and spleen (data not shown). We determined the maximum tolerated dose (MTD) of PR-957 in mice to be 30 mg per kg body weight (Supplementary Table 2 ), indicating that inhibition of LMP7 is well tolerated. Taken together, these data demonstrate the selectivity of PR-957 for LMP7 in vitro and in vivo.
PR-957 inhibits LMP7-specific antigen presentation
The immunoproteasome shapes presentation of both endogenous and virally derived MHC-I-restricted antigens. We first investigated the effect of PR-957 on the endogenously expressed, LMP7-dependent epitope UTY [246] [247] [248] [249] [250] [251] [252] [253] [254] , derived from the male minor antigen HY 24 . At 300 nM PR-957, an LMP7-selective concentration ( Fig. 1d and Supplementary Fig. 2a) , presentation of UTY 246-254 was decreased to a level near that of splenocytes derived from either female or Psmb8 À/À male mice (Fig. 2a) . To assess the effect of PR-957 on antigen presentation in vivo, we exposed splenocytes harvested from (Fig. 2b) . These data indicate that presentation of an endogenously expressed, LMP7-dependent epitope can be blocked by exposure to PR-957 in vitro or in vivo.
To assess the ability of PR-957 to affect the cytotoxic T lymphocyte response to virally encoded epitopes, we treated female mice with PR-957 for 5 d and infected them with recombinant vaccinia virus expressing the UTY protein (rVV-UTY) on day 2 of treatment. We immunized the mice 9 d before PR-957 treatment with peptide-loaded male-derived splenocytes to increase the frequency of UTY 246-254 -specific T cell precursors. We measured the UTY 246-254 -specific T cell response 8 d after infection by intracellular cytokine staining (ICS) for interferon-g (IFN-g; Fig. 2c ). PR-957 treatment suppressed the UTY 246-254 -specific response to levels equivalent to those in uninfected mice, whereas the response to the dominant vaccinia virusspecific epitope B8R [20] [21] [22] [23] [24] [25] [26] [27] was only slightly reduced (Fig. 2c) . Viral titers on day 8 were tenfold higher in PR-957-treated mice as compared to untreated control mice, excluding a direct effect of PR-957 on viral replication (data not shown). We reasoned that the reduced viral clearance could be the result of the decreased UTY 246-254 T cell response. Indeed, PR-957-treated mice infected with WT vaccinia virus (VV-WR) had similar viral titers as compared to untreated mice (data not shown), ruling out an effect of PR-957 on viral replication. Furthermore, PR-957 treatment for 5 d before VV-WR infection did not affect the number of natural killer cells (NK1.1 + ), dendritic cells (CD11c + ), B cells (CD19 + ), CD8 + T cells, CD4 + T cells or macrophages (F4/80 + ) as compared to numbers in untreated mice (data not shown). These data suggest that PR-957-treated mice mount a normal vaccinia virus-specific T cell response but have an impaired response to the LMP7-specific epitope UTY [246] [247] [248] [249] [250] [251] [252] [253] [254] .
To evaluate the effect of PR-957 on the presentation of LCMVderived epitopes, we infected splenocytes with LCMV in vitro before treatment. We assessed the presentation of the MHC-I-restricted LCMV epitopes glycoprotein 33-41 (GP33), glycoprotein 276-286 (GP276), nucleoprotein 396-404 (NP396) and nucleoprotein 118-126 (NP118) using peptide-specific cytotoxic T lymphocyte (CTL) lines in ICS assays for IFN-g (Fig. 2d) . PR-957 markedly decreased presentation of GP33 and NP118 while having a minimal effect on GP276 and NP396 presentation (Fig. 2d) . The dependence of GP33 on LMP7 confirms the results from an earlier study using in vitro-infected macrophages from Psmb8 À/À mice 6 .
We assayed splenocytes from LCMV-infected and PR-957-treated mice 8 d after infection for responses to LCMV epitopes. Compared to untreated mice, PR-957-treated mice had CTL responses to GP33 and NP396 that were reduced by 50% and 70%, respectively (P o 0.01), whereas responses to GP92 and GP118 were not markedly altered (Fig. 2e) . The CTL response in BALB/c mice, which is dominated by NP118-specific CTLs, was lowered with PR-957 treatment by approximately one third (data not shown). We did not observe any differences in CTL response in LMP7-deficient mice treated with PR-957 compared to untreated gene-deficient mice (data not shown). Virus titers 4 d after infection and the numbers of various cell populations characterized by the surface markers CD8, CD4, NK1.1, CD11c, F4/80 and CD19 on day 8 after infection were not altered in PR-957-treated mice as compared to untreated mice (data not shown). The more Transgenic mice expressing the LCMV glycoprotein exclusively in pancreatic b-islet cells via the rat insulin promoter (RIP-GP mice) develop diabetes after infection with LCMV as a result of islet cell destruction by glycoprotein-specific CTLs 26 . To assess the effect of PR-957 in this model, we directed the T cell response in these mice toward GP33 by adoptive transfer of Thy1.2 + cells derived from H-2D b -GP33-specific T cell receptor-transgenic mice before LCMV infection 27 . We verified that the LCMV-specific T cell response was predominantly directed against GP33 by ICS (data not shown) and monitored islet cell destruction by the increase in blood glucose levels. PR-957 treatment 2 d before infection completely protected mice from signs of diabetes (Fig. 2f) . Together, these data demonstrate that PR-957 treatment alters CD8 + T cell responses in virally infected mice.
Inhibition of LMP7 blocks cytokine production in vitro
Cytokine production in endotoxin-stimulated monocytes is blocked by exposure to proteasome inhibitors that target both b5 and LMP7 (ref. 11). To evaluate the impact of selective immunoproteasome inhibition, we compared the cytokine production in endotoxinstimulated PBMCs exposed to PR-957 or PR-825 at concentrations resulting in selective inhibition (480%) of LMP7 or b5, respectively (Fig. 3a) . LMP7 inhibition blocked production of IL-23 by 490% and of tumor necrosis factor-a (TNF-a) and IL-6 by B50% (Fig. 3b) . Higher concentrations of PR-957, which induce inhibition of LMP2 and MECL-1, further decreased secretion of TNF-a and IL-6, suggesting that these subunits have a role in cytokine regulation (data not shown). Selective inhibition of b5, in contrast, did not substantially affect cytokine release (Fig. 3b) . Neither PR-957 nor PR-825 inhibited nuclear factor-kB activity in a reporter cell line at selective concentrations ( Supplementary Fig. 3 ), suggesting that LMP7 regulates cytokine production via nuclear factor-kB-independent pathways. These To determine the effect of PR-957 on T cell activation, we stimulated PR-957-treated PBMCs with antibodies to CD3 and CD28. IFN-g release was inhibited by B60% at LMP7-selective concentrations of PR-957 and by B90% at higher concentrations (Fig. 3c) . Production of IL-2 was inhibited by B50% at all tested concentrations (Fig. 3c) , indicating that both LMP7-dependent and immunoproteasome-independent pathways contribute to the expression of this cytokine. Similar to our findings with endotoxin stimulation, PR-825 treatment (at b5-selective concentrations) did not affect production of IFN-g or IL-2 (data not shown). Early T cell activation, as measured by CD25 expression, was largely unaffected by PR-957, similar to previous findings in Psmb8 À/À mice 28 .
We also determined the effect of PR-957 on cells derived from individuals with active rheumatoid arthritis. Similar to the findings described above, selective inhibition of LMP7 blocked IL-23 production by B80% and IL-6 and TNF secretion by B50% (Fig. 3d) . Taken together, these data suggest that LMP7 regulates inflammatory cytokine production in cells from both normal healthy individuals and those with rheumatoid arthritis.
We compared the effect of PR-957 on cytokine release in WT and Psmb8-deficient mouse splenocytes. PR-957 blocked production of endotoxin-stimulated IL-6 (Fig. 4a) and T cell-mediated IFN-g production (Fig. 4b) in WT but not Psmb8 À/À splenocytes. The lack of effect in Psmb8 À/À cells indicates that PR-957 affects cytokine production through specific inhibition of LMP7. The fact that Psmb8 À/À and WT splenocytes did not differ in IL-6 or IFN-g production may be the result of compensatory incorporation of b5 in proteasomes from Psmb8 À/À cells.
We next tested the effect of LMP7 on T helper type 17 (T H 17) differentiation. We exposed CD4 + T cells from WT mice to PR-957 during stimulation and differentiation into T H 17 cells through the addition of IL-6 and transforming growth factor-b (TGF-b). Inhibition of LMP7 prevented differentiation of T H 17 cells, as measured by IL-17 expression after 3 d of cell culture (Fig. 4c) . These data suggest that LMP7 controls both the early activation of T cells as well as differentiation into inflammatory effector cells in the presence of polarizing cytokines.
LMP7 inhibition ameliorates disease in mouse arthritis
To determine the impact of immunoproteasome inhibition on inflammatory responses in vivo, we evaluated PR-957 in two different mouse models of rheumatoid arthritis: collagen antibody-induced arthritis (CAIA) and collagen-induced arthritis (CIA). In the CAIA model, we randomized mice challenged with antibodies to collagen and endotoxin to treatment groups after the onset of clinical symptoms. PR-957 blocked disease progression in a dose-dependent manner and completely ameliorated visible signs of disease at the highest dose (Fig. 5a) . Inhibition of LMP7 alone was sufficient to block disease progression, as evidenced by the therapeutic response to PR-957 administered at 2 mg per kg body weight (Fig. 1f) , that is, less than one-tenth the MTD. Carfilzomib inhibited disease progression by B50% but only at the MTD, whereas PR-825, at a dose resulting in 480% inhibition of b5 (data not shown), had no effect in this model ( Supplementary  Fig. 4b ). Anti-inflammatory responses induced by PR-957 were rapid and long lasting, with disease regression evident 24 h after the first dose (Fig. 5) , whereas a single dose, administered either intravenously or subcutaneously, resulted in complete amelioration of disease ( Supplementary Fig. 4a) . RT-PCR analysis of tarsal joints on day 7 showed that PR-957 treatment lowered expression of multiple inflammatory mediators, including TNF-a and IL-6 (Fig. 5b) . When compared to anti-TNF-a therapy (etanercept), PR-957 mediated a more rapid resolution of clinical symptoms (Fig. 5c) . We observed a statistically significant decrease in inflammatory infiltration and subsequent bone erosion in PR-957-treated mice (Fig. 5d,e) . As V e h ic le P R -9 5 7 V e h ic le P R -9 5 7 V e h ic le P R -9 5 7
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PR-957 treatment also induced a rapid therapeutic response in the T and B cell-dependent CIA model (Fig. 6a) . Immunoproteasome inhibition was associated with a decrease in circulating levels of autoantibodies (Fig. 6b) and collagen oligomeric matrix protein (COMP), a marker for cartilage breakdown (Fig. 6c) . Lower COMP levels corresponded with inhibition of bone erosion and joint inflammation (Fig. 6d,e) . In a model of aggressive disease, PR-957 was more effective than etanercept (Fig. 6f) . As etanercept showed equivalent activity to PR-957 in mice with less severe disease (data not shown), we surmise that TNF-a inhibition alone is insufficient to promote long lasting therapeutic activity in mice with aggressive polyarthritis. DISCUSSION PR-957 is the first proteasome inhibitor described that is selective for the chymotrypsin-like subunit of the immunoproteasome, and it represents a powerful tool for understanding the role of LMP7 in immune responses. We demonstrated the selectivity of PR-957 for LMP7 by three different methods: an active-site ELISA to monitor subunit activity, biochemical assays using purified human proteasomes and proteasomes from WT and Psmb8 À/À mice, and monitoring of MHC-1 expression in WT and Psmb8 À/À splenocytes. Exposure to PR-957 in vitro and in vivo blocked presentation of LMP7-specific epitopes (UTY 246-254 and GP33), highlighting the effect of selective inhibition of this subunit. PR-957 treatment allows for an assessment of LMP7 function in immune cells and mice with normal proteasome architecture. Compared to immunoproteosomes from wild-type mice, immunoproteasomes from Psmb8 À/À mice contain increased amounts of b5 and decreased LMP2 and MECL-1, which may alter proteasome function within immune effector cells 19, [30] [31] [32] . These compensatory changes may mask LMP7-specific functions in complex cellular processes such as inflammatory responses.
The data presented here show a unique role for immunoproteasome subunits in cytokine production and suggest that the effects of dual b5-LMP7 inhibitors such as bortezomib reflect immunoproteasome inhibition 33, 34 . Inhibition of LMP7, but not b5, blocked cytokine production in LPS-stimulated PBMCs. Our results extend findings demonstrating that proteasome subunits have distinct roles in regulating cellular protein turnover 35 by showing that cytokine release depends on specific immunoproteasome subunits. A specific role for LMP7 in cytokine production may help explain a previous report of altered bacterial clearance despite normal CTL generation in Psmb8 À/À mice 36 .
The therapeutic impact of LMP7 inhibition in mouse models of rheumatoid arthritis includes reductions in inflammation, cytokine gene expression and serum autoantibody levels. Because we observed similar findings in lymphocyte-dependent and lymphocyte-independent models of rheumatoid arthritis, and because LMP7 inhibition blocks both T cell and monocyte function in vitro, PR-957 probably modulates the activity of multiple effector cell types in these disease models. Furthermore, LMP7 inhibition prevents the production of cytokines driving T H 17 generation and IL-17 production in T cells cultured in the presence of polarizing cytokines, suggesting that LMP7 regulates T cell function at multiple levels.
It is noteworthy that PR-957 induces an anti-inflammatory response at doses less than one tenth the MTD, in contrast to nonselective inhibitors, such as bortezomib 11, 12 and carfilzomib (Supplementary Fig. 4) , which induce anti-inflammatory responses at the MTD. The increased therapeutic margin with an immunoproteasome selective inhibitor provides a rationale for clinical development of this agent in autoimmune disorders such as rheumatoid arthritis. The therapeutic response to PR-957 treatment was similar to entanercept for both clinical scores and histologic progression of disease in the CAIA model but was associated with a more rapid response, possibly owing to direct effects on multiple cytokines and cell types. The improved activity of PR-957 versus etanercept in an aggressive model of CIA may also reflect pleiotropic effects; unlike TNF-a blockade, PR-957 treatment was associated with reduced autoantibody levels 37 . These data support the development of PR-957, a selective immunoproteasome inhibitor, as a therapeutic modality for autoimmune disorders such as rheumatoid arthritis.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemedicine/.
ONLINE METHODS
Reagents. We discovered PR-957 as part of a medicinal chemistry effort to identify tripeptide ketoepoxide proteasome inhibitors with selectivity for LMP7. We determined selectivity ratios of new compounds in one or more of the following assays: inhibition of purified human constitutive proteasomes and immunoproteasomes (described below), inhibition of chymotrypsin-like activity in lysates derived from tumor cells expressing predominantly constitutive proteasome or immunoproteasome, and proteasome active-site ELISA (Supplementary Methods). We synthesized PR-957, PR-825 and the biotinylated active-site probe PR-584 as previously described 38 . We synthesized carfilzomib as previously described 15 . We purchased purified human 20S proteasomes and immunoproteasomes from Boston Biochem. We purchased etanercept from a local pharmacy.
Mice and viruses. We purchased C57BL/6 mice (H-2 b ) and BALB/c mice (H-2 d ) from Charles River Laboratories. We acquired P14 (transgenic line 318) 27 and RIP-GP mice 26 Cells. We obtained MOLT-4 (human acute lymphocytic leukemia) and A20 (mouse lymphoma) cells from American Type Culture Collection and cultured them in medium recommended by the supplier. We purchased human PBMCs from normal healthy volunteers from AllCells, and we obtained PBMCs from individuals with rheumatoid arthritis (who had given informed consent) from a rheumatologist (J. Mattar) after approval by the Institutional Review Board of the University of Constance.
Fluorogenic 20S proteasome assays. We purified and analyzed 20S proteasomes from livers of LCMV-infected mice (8 d after infection with 200 PFU of LCMV-WE i.v.) as described previously 39 . We performed hydrolytic assays for proteasome activity of mouse proteasomes and purified human constitutive proteasome and immunoproteasome as previously described 15, 39 .
Peripheral blood mononuclear cell and splenocyte stimulation. After compound exposure, we stimulated PBMCs and mouse splenocytes with LPS (Escherichia coli, O111:B4, Sigma) at 1 mg ml -1 and 5 mg ml -1 , respectively, for 24 h, and analyzed supernatants for IL-23 (eBiosciences), TNF-a (BD Bioscience) and IL-6 (BD Bioscience) by ELISA. We analyzed PBMCs and splenocytes stimulated with antibodies to CD3 and CD28 for 24 h for production of IFN-g and IL-2 (PBMC) or IFN-g (splenocytes) by ELISA (BD Bioscience). We measured expression of CD25 on the CD4 subset in PBMC by flow cytometry (BD Pharmingen).
T helper type 17 cell differentiation. We prepared CD4 + T cells from splenocytes by positive selection via magnetic cell sorting (MACS; Miltenyi Biotech). We stimulated cells (7.5 Â 10 4 per well) with antibodies to CD3 and CD28 in the presence of 2.5 ng ml -1 TGF-b, 30 ng ml -1 IL-6 (eBioscience) and antibodies to IL-4 and IFN-g (eBioscience) for 3 days. We measured intracellular IL-17A expression after 4 h exposure to 5 ng ml -1 phorbol 12-myristate 13-acetate and 200 ng ml -1 ionomycin in the presence of brefeldin A (Sigma).
Antigen-specific T cell assays. We cultured 1 Â 10 5 UTY 246-254 -specific LacZexpressing T cell hybridoma cells (kindly contributed by N. Shastri) overnight with 3-10 Â 10 5 stimulator cells in 96-well plates overnight and analyzed them as detailed previously 7 . We generated LCMV-specific CTL lines exactly as previously described 40 .
Proteasome inhibition in mice. We formulated PR-957 in an aqueous solution of 10% (wt/vol) sulfobutylether-b-cyclodextrin and 10 mM sodium citrate (pH 3.5) and administered it to mice as a single i.v. bolus. We collected whole blood (sodium heparin anti-coagulant) and tissue samples (kidney, heart and spleen) 1 h after administration and processed them as previously described 15 for protein quantification and proteasome activity determination by activesite ELISA.
Treatment of RIP-GP mice. We purified Thy1.2 + cells from splenocytes of TCR transgenic P14 mice 27 according to the manufacturer's protocol (Miltenyi Biotec). We injected Thy1.2 + cells (7.5 Â 10 6 ) purified from P14 mice i.v. into RIP-GP mice (day 0). On day 1, we infected the mice with 200 PFU LCMV-WE i.v. and treated them with PR-957 at 6 mg per kg body weight for 10 d (days 0-4 i.v. and days 5-9 intraperitoneally). We measured glucose in the blood on days 1, 3, 6, 7, 8 and 9 after infection using the Glycaemie C Medi-Test (Macherey-Nagel).
Arthritis models. We induced CIA in 8-to 11-week-old male DBA1/J mice (Taconic Farms) by an intradermal injection at the base of the tail with 100 mg of denatured type II bovine collagen (Chondrex) emulsified in complete Freund's adjuvant containing 4 mg ml -1 heat-denatured mycobacterium (Chondrex). We induced CAIA in 5-to 6-week-old female BALB/c mice (kept on breeder chow) by an i.v. administration of 1 mg of a cocktail of four antibodies against type II collagen (Chemicon) followed by intraperitoneal challenge with 50 mg LPS on day 3. We initiated treatment after we observed clinical signs of arthritis (day 25 for the CIA model and day 4 for the CAIA model). We scored paws for disease severity on a 0 (no disease) to 4 (maximal swelling) scoring system and summed the paw scores to yield individual mouse scores.
Statistical analyses. For comparisons of treatment groups, we performed the unpaired t test (Mann-Whitney), paired t tests and one-way or two-way ANOVA (where appropriate). For ANOVA, we used Bonferroni post hoc analysis to compare treatment groups. We performed all statistical analyses with GraphPad Prism Software (version 4.01). Statistical significance was achieved when P was less than 0.05.
